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(57) ABSTRACT 

A method to determine one or more properties of a substance 
in a doWnhole region of investigation is disclosed. The 
method includes obtaining NMR measurements from the 
region of investigation, obtaining at least one additional Well 
log measurement from the region of investigation, expressing 
the NMR measurements in terms of NMR subcomponents, 
expressing the additional Well log measurement in terms of 
Well log subcomponents, and simultaneously inverting the 
expressed NMR measurements and the expressed additional 
Well log measurement for the NMR subcomponents to yield 
one or more properties of a substance. 

19 Claims, 7 Drawing Sheets 
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METHOD AND APPARATUS FOR 
INTEGRATING NMR DATA AND 
CONVENTIONAL LOG DATA 

BACKGROUND OF INVENTION 

Almost all oil and gas produced today comes from accu 
mulations in the pore spaces of reservoir rocksiusually 
sandstones, limestones, or dolomites. The amount of oil and 
gas contained in a unit volume of the reservoir is the product 
of its porosity and the hydrocarbon saturation. In addition to 
porosity and hydrocarbon saturation, the volume of the for 
mation containing hydrocarbon is needed in order to estimate 
total reserves. Knowledge of the thickness and the area of the 
reservoir is needed for computation of its volume. To evaluate 
the producibility of a reservoir, it is necessary to knoW hoW 
easily ?uid can ?oW through the pore system. This property of 
the formation rock, Which depends upon the manner in Which 
the pores are interconnected, is its permeability. Thus the 
main pertophysical parameters needed to evaluate a reservoir 
are its porosity, hydrocarbon saturation, thickness, area, and 
permeability. 

Unfortunately, feW of these pertophysical parameters can 
be measured directly. Instead, they must be derived or 
inferred from the measurement of other physical parameters 
of the formations. They include, among others, resistivity, the 
bulk density, hydrogen content (also knoWn as hydrogen 
index), the natural radioactivity, response to magnetization, 
the spontaneous potential, etc. 

Logging is the process of gathering and recording geologi 
cal information from deep Within the earth. A log (or Well log) 
is a measurement versus depth or time, or both, of one or more 
physical quantities in or around a Well. Wireline logs are taken 
doWnhole, transmitted through a Wireline to surface and 
recorded there. Measurements-While-drilling (MWD) and 
logging-While-drilling (LWD) logs are also taken doWnhole. 
They are either transmitted to surface by mud pulses (trans 
mitting pressure pulses in the mud), or else recorded doWn 
hole and retrieved later When the instrument is brought to 
surface. A logging tool carries out measurements from Which 
petrophysical properties of the earth in its vicinity can be 
derived. This process is often called Well log analysis or 
formation evaluation. 

Various logging tools are employed, either separately or in 
combination, to gather logs of the aforementioned formation 
parameters. For example, since resistivity of oil and gas is 
much higher than that of Water With dissolved salts, oil soaked 
rock generally has a higher resistivity than Water soaked rock. 
Thus, a resistivity log can give an indication of What is in the 
ground. The folloWing paragraphs brie?y introduce a feW 
logging tools. 

Density logs are primarily used as porosity logs. A radio 
active source, applied to the borehole Wall, emits medium 
energy gamma rays into the formations. These gamma rays 
may be thought of as high-velocity particles that collide With 
the electrons in the formation. At each collision a gamma ray 
loses some, but not all, of its energy to the electron, and then 
continues With diminished energy. This type of interaction is 
knoWn as Compton-scattering. The scattered gamma rays 
reaching the detector, at a ?xed distance from the source, are 
counted as an indication of formation density. See J. S. Wahl, 
et al., The Dual Spacing Formation Density Log, J. Pet. Tech., 
December 1964. 

The number of Compton-scattering collisions is related 
directly to the number of electrons in the formation. Conse 
quently, the response of the density tool is determined essen 
tially by the electron density (number of electrons per cubic 
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2 
centimeter) of the formation. Electron density is related to the 
true bulk density, p, Which in turn depends on the density of 
the rock matrix material, the formation porosity, and the 
density of the ?uids ?lling the pores. A density Well log 
measurement may be expressed in the form shoWn beloW in 
Equation (1); 

P:PWNWMpoiwoi?pgasvgas+pm(lwwarvoirvgas) (1) 

Where the density, p, is the bulk density measured by the Well 
log tool, and own, pol-Z, p gas, and pm are the average densities 
of Water, oil, gas, and the formation, respectively. Although 
density logs are quite effective in analyZing the formation 
porosity, errors may enter the Well log analysis due to the 
presence of shale, and due high ?uid pressure. 

Another example of a logging tool is a conductivity log 
ging tool. This tool sends a current through the formation and 
measures the developed voltage. The ratio of the measured 
current and voltage gives the conductivity of the formation. 
Conductivity has units of siemens per meter. Most formations 
logged for potential oil and gas saturation are made up of 
rocks Which, When dry, Will not conduct an electric current; 
i.e., the rock matrix has almost Zero conductivity and very 
high resistivity. An electrical current Will ?oW only through 
the interstitial Water saturating the pore structure of the for 
mation. Conductivity measurements are essential for satura 
tion determinations. Conductivity measurements, along With 
porosity and Water resistivity, are used to obtain values of 
Water and hydrocarbon saturation. The folloWing equation 
may be used in connection With data obtained from a conduc 
tivity tool: 

(2) CXOICm Watm 

Where CXO, Cmf, and vwat’", are the conductivity at a given 
Water saturation conductivity of mud ?ltrate, and volume of 
Water in the mud formation, respectively. The exponent m is 
an empirical constant. 

Yet another example of a Well log measurement is nuclear 
magnetic resonance (N MR). NMR logs are used for porosity 
determination, permeability estimation, and ?uid character 
iZation. The primary NMR measurement is porosity. The 
NMR signal amplitude is directly proportional to the amount 
of hydrogen in the ?uids in the formation. Since the ?uids ?ll 
the pore space, this amplitude constitutes a direct measure of 
formation porosity, provided that all ?uids have the same 
hydrogen index. In fact, many liquids encountered in oil 
reservoirs do have comparable hydrogen indices. Gas, con 
densates, and some light oils, on the other hand, typically 
have loW hydrogen indices, and contribute loWer NMR ampli 
tudes than equivalent volumes of Water or black oils. Gas 
Zones can often be identi?ed by comparing the NMR log With 
a density or sonic porosity. An example of the representation 
of the NMR porosity log measurement is shoWn in the fol 
loWing equation: 

gas gas (3) 

Where, Hlwat, H10”, and Hlgas are the hydrogen indices of 
Water, oil, and gas, respectively; and vwat, vol-Z, and vgas are the 
?uid volumes of Water, oil, and gas, respectively. 

All the above Well log tools and their measurements can be 
labeled as conventional Well log tools and conventional Well 
log measurements, respectively. The folloWing paragraphs 
brie?y describe the Nuclear Magnetic Resonance (N MR) 
tool. 
Modern NMR logging tools use large permanent magnets 

to create a strong static magnetic polariZing ?eld inside the 
formation. The hydrogen nuclei of Water and hydrocarbons 
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are electrically charged spinning protons that create Weak 
magnetic ?eldsilike tiny bar magnets. When the strong 
external magnetic ?eld from the logging tool passes through 
a formation containing ?uids, these spinning protons align 
themselves like compass needles along the magnetic ?eld. 
This process, called polarization, increases exponentially 
With a time constant, T1, as long as the external magnetic ?eld 
is applied. A magnetic pulse from the antenna rotates, or s the 
aligned protons into a plane perpendicular, or transverse, to 
the polarization ?eld. These tipped protons immediately start 
to Wobble or precess around the direction of the strong log 
ging-tool magnetic ?eld. 

The precession frequency, called the Larmor frequency, is 
proportional to the strength of the external magnetic ?eld. 
The precessing protons create an oscillating magnetic ?eld, 
Which generate a Weak radio signal at this frequency. The total 
signal amplitude from all the precessing hydrogen nuclei 
(typically a feW microvolts) is a measure of the total hydrogen 
content, Which is a measure of porosity of the formation. 

The rate at Which the proton precession decays is called the 
transverse relaxation time, T2, and is the second key NMR 
measurement because it is related to the pore-size distribu 
tion. T2 measures the rate at Which the spinning protons lose 
their alignment Within the transverse plane. It depends on 
three factors: the intrinsic bulk-relaxation rate in the ?uid; the 
surface-relaxation rate, Which is an environmental effect; and 
relaxation from diffusion in a ?eld gradient Which is a com 
bination of environmental and tool effects. There is no diffu 
sion contribution to T1. 

The spinning protons Will quickly lose their relative phase 
alignment Within the transverse plane because of variations in 
the static magnetic ?eld. This process is called the free induc 
tion decay (FID), and the Carr-Purcell-Meiboom-Gill 
(CPMG) pulse-echo sequence is used to compensate for the 
rapid free-induction decay caused by reversible transverse 
dephasing effects. 

The three components of the transverse relaxation time 
play a signi?cant role in the use of the T2 distribution for Well 
logging applications. For example, the intrinsic bulk relax 
ation time is caused principally by the magnetic interactions 
betWeen neighboring spinning protons in the ?uid molecules. 
These are often called spin-spin interactions. Molecular 
motion in Water and light oil is rapid, so the relaxation in large 
pores is ine?icient With correspondingly long decay-time 
constants. HoWever, as liquids become more viscous, the 
molecular motion is sloWer. Then the spin-spin interactions 
become much more ef?cient. Thus, tar and viscous oils can be 
identi?ed because they have shorter T2 decay times than light 
oil or Water. 

Fluids near or in contact With grain surfaces relax at a much 
higher rate than the bulk ?uid relaxation rate. Because of 
complex atomic level electromagnetic ?eld interactions at the 
grain surface there is a high probability that the spinning 
proton in the ?uid Will relax When it encounters a grain 
surface. For the surface relaxation process to dominate the 
decay time, the spinning protons in the ?uid must make 
multiple encounters With the surface, caused by BroWnian 
motion, across small pores in the formation. They repeatedly 
collide With the surface until a relaxation event occurs. The 
resulting T2 distribution leads to a natural measure of the 
pore-size distribution. 

The approach described above comes from early genera 
tion NMR logging tools Which typically measure simple echo 
trains that only re?ect T2 distributions. The latest generation 
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4 
NMR tools acquire more complex datasets that contain infor 
mation not only about T2 distributions but also about T1 
distributions (longitudinal relaxation time) and molecular 
diffusion rates, D. These propertiesiin particular molecular 
diffusion ratesiare highly dependent on the ?uid types, as 
explained beloW. 

Relaxation from diffusion is a technique frequently used to 
differentiate oil from gas. See R. Akkurt et al., NMR Logging 
ofNaZural Gas Reservoirs, The Log Analyst, no. 6 Novem 
ber-December 1996. BetWeen spin-?ipping pulses, some pro 
tons Will drift4due to their BroWnian motionifrom one 
region to another of different ?eld strength, Which changes 
their precession rate. As a result, they Will not receive the 
correct phase adjustment for their previous polarization envi 
ronment. This leads to an increase in the observed transverse 
dephasing relaxation rate. Gas has relatively high mobility 
compared With oil and Water, and therefore, the spinning 
protons in gas have a much larger diffusion effect. 

The preceding paragraphs described various logging tech 
niques that can be used for formation evaluation. Once the 
data are collected they are usually input to a data processing 
unit that performs log analysis. An important objective of all 
log analysis is to determine the mineral and ?uid volumes that 
constitute the earth formation as a function of depth. This is 
achieved by analyzing a plurality of log measurements 
(multi-tool analysis). In general, the physical properties mea 
sured by the tools are not the ?uid or mineral volumes them 
selves. Log analysis is then performed by ?rst expressing 
each logging tool response in terms of the volumes, and then 
computing the set of volumes that provide the overall best 
agreement betWeen the computed tool responses and the 
actual measured values. 

For each tool, the physical properties submitted to the log 
analysis are themselves derived by previous processing of 
raW data such as count rates (gamma ray log), voltage ampli 
tudes, frequencies, and signal phase differences. For NMR 
tools, the pre-processing stage involves calibration (in terms 
of NMR volume fractions) of echo amplitudes and the math 
ematical inversion of echo amplitude decays to provide T2 
(transverse relaxation time) distributions. The quantity even 
tually submitted to the multi-tool analysis is the NMR poros 
ity, Which is the sum of the amplitudes in the T2 distribution. 
In some cases a NMR bound ?uid volume, computed as the 
sum of T2 distribution components falling beloW a speci?ed 
T2 cutoff value, is also given as an input to the analysis. The 
NMR porosity and bound ?uid volumes are related to the 
formation ?uid volumes by the respective ?uid hydrogen 
indices. 

HoWever, current multi-tool log analysis techniques take 
no account of diffusion effects on the transverse relaxation 

time. Instead, NMR ?uid analysis is performed indepen 
dently and results are then compared With the results of con 
ventional multi-tool analysis. Although this approach is use 
ful in environments Where conventional methods may be 
inaccurate (e.g., loW resistivity pay), in many other cases it 
does not take full advantage of all the available data. 

Mathematical inversion of NMR data takes NMR proper 
ties (namely relaxation times T1 and/ or T2 and Diffusion D) 
and relates these properties to speci?c ?uids. TWo types of 
NMR inversion have been proposed for diffusion-based 
NMR logs. The ?rst type is a model-based approach, one 
example of Which is the Magnetic Resonance Fluid (MRF) 
characterization method as described in Us. Pat. No. 6,229, 
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308 issued to Freedman et al. This method involves making 
multiple NMR measurements With different parameters and 
simultaneously analyzing all the data in an inversion. The 
MRF method invokes the Constituent Viscosity Model 
(CVM), Which relates relaxation time and diffusion rates to 
phenomenological constituent viscosities Whose geometric 
mean is identical to the macroscopic ?uid viscosity. In addi 
tion to ?uid volumes, the method provides estimates of the oil 
viscosity. The MRF technique represents the most compre 
hensive and accurate method currently available for NMR 
?uid characteriZation in Well logging. Unlike previous meth 
ods, the MRP method is applicable to any suite of NMR 
measurements and is not limited to CPMG sequences and is 
commonly applied to diffusion editing (DE) measurements. 

The second type of inversion is independent of any ?uid 
model. Instead, the 3D-NMR method, as described in Chanh 
Cao Minh et al., Planning andlnterpreting NMR Fluid-Char 
acterization Logs, SPE paper 84478, presented at the SPE 
Annual Technical Conference and Exhibition, 5-8 Oct. 2003, 
Denver, Colo.; and Nicholas J . Heaton et al, Saturation and 
I/iscosity ?om Multidimensional Nuclear Magnetic Reso 
nance Logging, SPE paper 90564, presented at the SPE 
Annual Technical Conference and Exhibition, 26-29 Sep. 
2004, Houston, Tex., provides a graphical representation of 
the NMR responses in the form of cross-plots (often referred 
to as maps) ofNMR properties such as D vs. T2 or D vs. T1. 

By inspecting these D-T1 and D-T2 maps it is often possible 
to identify different ?uids and assign NMR responses to them 
based on the location of the corresponding peaks in the maps. 
Fluid volumes can be computed either by direct integration of 
the peak amplitudes if the peaks are Well-resolved or by 
applying deconvolution methods (equivalent to MRF analy 
sis) if they are not. 
An alternative approach to NMR ?uid-typing involves the 

comparison of different measurements acquired at different 
depths of investigation (See US. Pat. No. 6,703,832 issued to 
Heaton et al.). This method exploits the variation in ?uid 
saturations at different depths of investigation caused by 
invading mud ?ltrate. In general, deeper measurements are 
more likely to sense native ?uids While shalloWer measure 

ments sense a greater proportion of ?ltrate. Because the ?l 
trate NMR response is generally knoWn, differences in NMR 
response betWeen the tWo sets of measurements provide an 
indication of the ?uid type at the deeper depth of investiga 
tion. 

All of the techniques described above rely on measuring 
NMR properties, namely relaxation times and diffusion rates 
and relating these properties to speci?c ?uids. The principal 
attractions of the NMR methods are (a) that they can function 
in environments Where conventional resistivity-based satura 
tion analysis is unsuitable or inaccurate (eg. loW contrast or 
loW resistivity pay), and (b) that they can also provide infor 
mation on oil viscosity. The extended range of viscosity esti 
mate derived from combined NMR data has signi?cant poten 
tial in heavy oil reservoirs. 

SUMMARY OF INVENTION 

In some aspects, embodiments of the invention relate to a 
method for determining one or more properties of a sub stance 
in a doWnhole region of investigation comprising: obtaining 
NMR measurements from the region of investigation; obtain 
ing at least one additional Well log measurement from the 
region of investigation; expressing the NMR measurements 
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6 
in terms of NMR subcomponents; expressing the at least one 
additional Well log measurement in terms of Well log sub 
components; and simultaneously inverting the expressed 
NMR measurements and the expressed at least one additional 
Well log measurement for the NMR subcomponents to yield 
the one or more properties. 

In some aspects, embodiments of the invention relate to a 
logging system, comprising: a doWnhole tool adapted to be 
disposed Within a Wellbore, Wherein the doWnhole tool com 
prises: an NMR measurement tool con?gured to obtain NMR 
measurements Within an investigation region, and at least one 
additional Well log measurement tool con?gured to obtain at 
least one additional Well log measurement Within the inves 
tigation region; and a processing system con?gured to: 
express the NMR measurements in terms of NMR subcom 
ponents, express the Well log measurement in terms of Well 
log subcomponents, and invert the expressed NMR measure 
ments together With the expressed at least one additional Well 
log measurement. 

Other aspects and advantages of the invention Will be 
apparent from the folloWing description and the appended 
claims. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 shoWs a conventional logging system as knoWn in 
the prior art. 

FIG. 2 shoWs a doWnhole tool including an NMR tool and 
at least one additional logging tool as knoWn in the prior art. 

FIG. 3 shoWs a ?oW diagram of a method for integrating 
NMR data With other log measurements in accordance With 
an embodiment of the invention. 

FIG. 4 shoWs a system for integrating NMR data and other 
log measurements in accordance With an embodiment of the 
invention. 

FIG. 5 shoWs an example for determining the NMR coef 
?cients on a D-T2 map, in accordance With an embodiment of 
the invention. 

FIG. 6a-6fshoW D-T2 maps of conventional NMR data. 
FIG. 7a-7fshoW D-T2 maps of NMR data combined With 

additional Well log data in accordance With an embodiment of 
the invention. 

DETAILED DESCRIPTION 

Speci?c embodiments of the invention Will noW be 
described in detail With reference to the accompanying ?g 
ures. Like elements in the various ?gures are denoted by like 
reference numerals for consistency. 

In the folloWing detailed description of embodiments of the 
invention, numerous speci?c details are set forth in order to 
provide a more thorough understanding of the invention. 
HoWever, it Will be apparent to one of ordinary skill in the art 
that the invention may be practiced Without these speci?c 
details. In other instances, Well-knoWn features have not been 
described in detail to avoid unnecessarily complicating the 
description. 

FIG. 1 illustrates a schematic diagram of a conventional 
logging system (100). A doWnhole tool (101) is suspended in 
Wellbore (105) by a cable (109), and disposed proximate an 
investigation region (113) from Which data are to be obtained. 
The cable length is used to control depth and thus is controlled 
by suitable means at the surface (103) such as a drum and 
Winch mechanism (111). Surface equipment (107), placed at 
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a surface location, can be of a conventional type and can 
include a processing system. The cable (109) may include a 
communication link con?gured to transfer data betWeen the 
doWnhole tool (101) and the processing system at the surface 
equipment (107). The communication system may be of an 
electrical, mechanical or electro-mechanical type, and may 
comprise copper Wire, ?ber-optic cable, etc. 

FIG. 2 shoWs a conventional doWnhole tool (200) as dis 
closed in Us. Pat. No. 6,346,813 issued to Kleinberg. The 
doWnhole tool (200) includes the folloWing modules: an elec 
tronic module (201) Which may include a processing system; 
a hydraulic poWer module (202); a probe module (203) Which 
may be deployed to make a hydraulic seal With the formation; 
an optical ?uid analyZer (OFA) module (204); a NMR module 
(205) Which may collect NMR data that includes diffusion, 
transverse relaxation time and longitudinal relaxation time 
information; a multisample module (206) Which may include 
additional logging tools such as, but not limited to, density, 
conductivity, sonic, neutron porosity, gamma ray, etc. 
One embodiment of the invention relates to integration of 

NMR data that include both diffusion and relaxation time 
information With conventional log measurements. This 
approach takes into account all the available information to 
alloW better understanding of the ?uids Within the formations. 

FIG. 3 shoWs a ?oW diagram (300) of a method for inte 
grating NMR data and log data in accordance With an embodi 
ment of the invention. NMR data, containing diffusion and 
relaxation time information, is expressed as a sum of NMR 
subcomponents. The folloWing equations express the indi 
vidual NMR echoes as a summation of products of the NMR 
coe?icients and NMR volumes, the products being the NMR 
subcomponents. 

Equation set (4) depicts echo amplitudes in terms of NMR 
coe?icients. The NMR coef?cient F(k; T21, DJ.) is given by the 
folloWing equation: 

(5) 
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Where k is the echo index, TE is the echo spacing, y is the 
gyromagnetic ratio, and G is the magnetic ?eld gradient. For 
purposes of explanation, Equation set (4) and Equation (5) 
have been simpli?ed to omit any dependence on longitudinal 
relaxation time, T1, implying that all measurements are 
assumed to be fully polariZed. A more general expression 
including a polariZation term could be equally used. This 
Would require a third NMR property, T1 (or T1/T2 ratio) in 
the NMR coe?icient. 

The NMR volumes, V(T2l., D), are proportional to the ?uid 
volume and the ?uid hydrogen index. Note that Equation set 
(4) gives a general form of analyZing NMR measurements. If 
the method used to invert the data does not use a ?uid model 

for example, in Us. patent application No. US2004/016951 1 
Where NMR measurement is interpreted on a D-T2 map, then 

each NMR subcomponent in Equation set (4) may represent a 
pixel on the D-T2 map. Alternatively, if the inversion method 
assumes a ?uid model, as in MRF method (Freedman ’308), 
then the index j in D]. may correspond to each of the ?uids 
incorporated in the model, typically oil, Water, gas and ?l 
trate. 

After expressing the NMR measurement data in the form 
depicted in Equation set (4), the method expresses at least one 
additional log measurement as a sum of products of log coef 
?cients and constituent volumes (302). For example, the addi 
tional log measurement may include, but is not limited to, a 
density log, conductivity log, neutron log, sonic log, etc. 
Equations (1) and (2) may be expressed in the form of ?uid 
volumes and Well log coe?icients as shoWn beloW: 

(4) 

(7) 

Equations (6) and (7) express various Well log measure 
ments directly in terms of true ?uid volumes. Note that each 
expression is a sum of products of the Well log coe?icients 
and the ?uid volumes. These equations are subsequently 
combined With the equations shoWn in the Equation set (4). 
Following is the result of one example of such combined 
analysis: 
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Equation set (8) shows the combined NMR echo equations 
in addition to the log measurements expressed in terms of 
diffusion and relaxation time T2. Note the now modi?ed 
density and conductivity measurements and the NMR mea 
surements are associated with the same set of volumes. In 
addition, the NMR coef?cient now takes into account the 
hydrogen index as shown in Equation (9): 

(9) 

In the subsequent step (303) of the method, the values of 
the well log coe?icients are determined. Note that determin 
ing the values of the well log coe?icients may be dependent 
on the inversion process employed. Once the well log and 
NMR coe?icients are known, the only unknowns in the Equa 
tion set (8) are the ?uid volumes. 

The equations in Equation set (8) are simultaneous equa 
tions that are solved (304) to give ?uid volumes and ?uid 
viscosities. The solving may be a mathematical inversion that 
generates ?uid volume and properties from the given data. 
Various inverting methods may be used. For example, the 
MRP method (Freedman ’308), 3D-NMR, etc. The NMR 
measurements could also be represented by a more general 
expression involving T1 (or T1/ T2) in addition to T2 and D. 
Alternatively, some combinations of NMR measurements 
could be expressed in terms of just D and T1. 

In the embodiment of the method described by Equation 
set (8), all log measurements are expressed in terms of hypo 
thetical ?uids de?ned by their speci?c intrinsic properties, D, 
T2, and/or T1 (or T1/T2). The end-points in the system of 
equations are the NMR coe?icients (for the echo amplitudes) 
and or bulk ?uid properties (for the other log measurements). 
This approach may be termed the “NMR” approach, since it 
uses an inversion method similar to those used in NMR log 
processing. Alternatively, a “Conventional” approach may be 
followed in which all log measurements are expressed in 
terms of formation ?uids and matrix properties. In this case, 
expressions such as the ones depicted by Equation (6) and 
Equation (7) are solved. NMR measurements can provide 
several equations to the system. In standard log analysis these 
are typically NMR porosity, and in some cases also bound 
?uid and free ?uid. In the present invention, additional equa 
tions could be de?ned related to diffusion quantities obtained 
by analyZing the NMR log. For example a suitable linear 
equation for the logarithmic total diffusion rate is: 

DLFVm-l lOgUln-DWgas logwgammmr logwwmr) (10) 

Alternative linear or non-linear equations for different diffu 
sion quantities derived by analyZing NMR log data could also 
be de?ned. 

FIG. 4 shows a system (400) for integrating NMR data and 
the data from at least one additional log in accordance with an 
embodiment of the invention. The system (400) includes 
input means such as a keyboard (401), mouse (402) and a hard 
disk drive (403). The input means are not limited to the 
aforementioned devices. The input means may also include 
PCMCIA cards, ?oppy disc drives, network connection, 
cables, or any other medium that allows data to be input to the 
computer. The NMR data and the well log data may be input 
to the computer with aid of these input means. The system 
(400) also includes processing means for processing the 
NMR data and the well log data input into the system (400). 
The processing means includes a central processing unit 
(CPU) (405). The processing means may execute a set of 
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10 
instructions that may be stored within the memory (404), the 
hard disk drive (403) or may be input into the system via any 
of the aforementioned input means. The CPU (405) executes 
instructions to express the NMR data as a summation of NMR 

subcomponents, where each NMR subcomponent is a prod 
uct of NMR coe?icient and constituent volumes. This pro 
cessing may yield a result similar to the Equation set (4). The 
processing means also execute instructions to express the 
other well log measurements as a summation of well log 
subcomponents, where each well log subcomponent is a 
product of a well log coe?icient and the constituent volumes. 
The result of this operation is similar to the Equation set (8). 
The processing means may also execute instructions to deter 
mine the coe?icients in Equation set (8). The processing 
means may subsequently execute instructions that simulta 
neously invert the NMR data and the other well log measure 
ments to yield ?uid volumes and ?uid viscosities. The ?uids 
of interest may be water, oil, and gas. 

The system (400) also has an output means, for example a 
display monitor (407), which displays the ?uid volumes and 
?uid viscosities to a user. The output means also include, but 
is not limited to, a printer, a hard disk drive (403), memory 
(404), a network connection, etc. The system (400) also 
includes a user interface means to allow the user to select, for 

example, the required number of well log measurements to be 
included in the processing. The user interface means may 
include, but is not limited to, a mouse (402), a keyboard (401), 
etc. The user may s elect a well log measurement from any 
available measurements of density, resistivity, neutron poros 
ity, sonic, etc. The user interface allows the user to select the 
type of well log measurement to be included in the combined 
NMR analysis. The user interface may also allow the user to 
modify, replace or alter the program display, the program ?ow 
and the program source. 

FIG. 5 shows determining the well log coe?icients on a 
D-T2 map in accordance with an embodiment of the inven 
tion. Each subcomponent in Equation set (8) represents a 
pixel value on the D-T2 map. The D-T2 map representation of 
the NMR data does not assume a ?uid model; rather it pro 
vides a graphical representation of the NMR responses in the 
form of cross plots of NMR properties. U.S. Patent Applica 
tion No. US2004/0l695ll provides further information on 
D-T2 maps. In the map (500) shown in FIG. 5, the horiZontal 
axis is de?ned by a logarithm of T2 values and the vertical 
axis is de?ned by a logarithm of diffusion constant values D. 
The horiZontal axis and the vertical axis are called relaxation 
time axis and diffusion axis, respectively. Note that the relax 
ation time axis may also be de?ned by a logarithm of T1 
values or some function of T1, T2 and a combination of T1 

and T2 (for e.g., ratio of T1 and T2). The point (501) repre 
sents a pixel on row i and column j of the matrix representing 
the D-T2 map. The theoretical responses of water (505), oil 
(507), and gas (503) are overlaid on the maps. Distances Xwat, 
X01], and Xgas are the distances of the point on the two dimen 
sional map to the lines representing theoretical responses of 
water (505), oil (507), and gas (503), respectively. The coef 
?cients (or end points) associated with each D, T2 component 
in Equation set (8) must be de?ned in order to solve the 
system of equations. This amounts to assigning each point of 
D-T2 space (or whichever NMR co-ordinates are used to 
de?ne the distributions) to a speci?c ?uid, water, oil or gas. 
One way to do this is illustrated in FIG. 5 and by the following 
equations: 
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The coe?icients (or end points) associated With each D-T2 
map can be computed as Weighted sums of the end points of 
the different ?uids (Water, oil, and gas) present. The map itself 
can be divided up in several different Ways. The embodiment 
shown in FIG. 5 is based on squared distances from theoreti 
cal ?uid responses. Various other approaches may be used to 
arrive at values for the Well log coe?icients. For example, the 
value of Z may also be computed as the algebraic mean of the 
absolute distances of the point from the theoretical ?uid 
responses. 

FIGS. 6a, 6b, and 60 show D-T2 maps obtained from 
simulated data comprising heavy oil and Water With Water 
saturations of 0.33, 0.67, and 1.00, respectively. FIGS. 6d, 6e, 
and 6f shoW inversion of the data represented in the D-T2 
maps shoWn in FIGS. 6a, 6b, and 60, respectively. These 
?gures represent NMR analysis Without including additional 
Well log measurements. For example, NMR analysis of Equa 
tion set (4) may lead to similar results. Note that although the 
inversion method employed in the embodiment shoWn in 
FIG. 6 is 3D-NMR, any alternate inversion method, namely 
MRF, can also be used. The theoretical responses of gas, 
Water, and oil are overlaid on the D-T2 maps; and are labeled 
as (601), (603), and (605), respectively. The inversion process 
converts the NMR data to T2 distributions corresponding to 
each theoretical ?uid response (for gas, Water, and oil, in this 
embodiment). For the Water saturation value of 0.33, the T2 
distributions of gas, Water, and oil are labeled as (621), (627), 
and (633), respectively. Similarly, the T2 distributions of gas, 
Water, and oil for a Water saturation value of 0.67 are labeled 
as (623), (629), and (635), respectively. And ?nally, the T2 
distributions corresponding to gas, Water, and oil for maxi 
mum Water saturation level of 1 are labeled as (625), (631), 
and (637), respectively. 

The ?uid instances (607), (609), and (611) lie on the theo 
retical Water response line, and hence can be clearly identi?ed 
as Water. HoWever, ?uid instances (613), (615), and (617) 
shoW that for small values of T2, the NMR data does not 
provide reliable information to classify the ?uid as either gas, 
Water, or oil. In this particular example, the NMR analysis is 
unable to reliably discriminate betWeen the heavy oil and 
small-pore/claybound Water. 

FIG. 7a-7c shoW the D-T2 maps for the same simulated 
data analyZed in FIG. 6a-6c, in accordance With an embodi 
ment of the invention. HoWever, in this case a resistivity 
measurement and a density measurement Were also included 
in the combined analysis method of the invention. The com 
bined analysis method is that shoWn in Equation set (8). Note 
that the inclusion of additional Well log measurements 
enables the analysis to distinguish the Water (711) and oil 
(707) signals reasonably Well. The embodiment shoWn in 
FIG. 7a-7f extends the range of viscosity estimates derived 
from the NMR data. This extended range may alloW a user to 
distinguish ?uid instances more effectively as compared to 
standard NMR analysis. For example, the combined analysis 
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12 
can be employed to investigate heavy oil reservoirs in Which 
conventional NMR performs poorly. 
The invention may also include a computer readable 

medium that stores a program Which is executable by a pro 
cessor, and includes instructions for integrating NMR data 
With additional Well log measurement of an investigation 
region. The computer readable medium may be, but is not 
limited to, a ?oppy disk, a hard disk drive, an optically read 
able medium, a ?ash memory, magnetic storage medium, etc. 

While the invention has been described With respect to a 
limited number of embodiments, those skilled in the art, 
having bene?t of this disclosure, Will appreciate that other 
embodiments can be devised Which do not depart from the 
scope of the invention as disclosed herein. Accordingly, the 
scope of the invention should be limited only by the attached 
claims. 

What is claimed is: 
1. A method to determine the amount of a substance in a 

doWnhole region of investigation; comprising: 
obtaining NMR measurements from the region of investi 

gation; 
obtaining at least one additional Well log measurement 

from the region of investigation; 
expressing the NMR measurements in terms of NMR sub 

components, Wherein each NMR subcomponent is a 
product of an NMR coe?icient and a constituent vol 

ume; 
expressing the at least one additional Well log measure 

ment in terms of Well log subcomponents; and 
simultaneously inverting the expressed NMR measure 

ments and the expressed at least one additional Well log 
measurement for the NMR subcomponents to yield the 
amount. 

2. The method of claim 1, Wherein the region of investiga 
tion is in an earth formation or in a doWnhole tool. 

3. The method of claim 1, Wherein the NMR coe?icient is 
a function of at least one of T1, T2, T1/T2, hydrogen index, 
and D. 

4. The method of claim 1, Wherein the at least one addi 
tional Well log measurement is selected from the group con 
sisting of density, resistivity, neutron porosity, sonic, and 
dielectric logging. 

5. The method of claim 1, Wherein each Well log subcom 
ponent is a product of a Well log coe?icient and a constituent 
volume. 

6. The method of claim 1, further comprising determining 
a Well log coef?cient associated With each Well log subcom 
ponent. 

7. The method of claim 1, Wherein the inverting is based on 
a ?uid model. 

8. The method of claim 1, Wherein the inverting is inde 
pendent of any ?uid model. 

9. The method of claim 1, Wherein each NMR subcompo 
nent corresponds to a region on a multi-dimensional map 
having axes that correspond to NMR properties. 

10. The method of claim 9, Wherein the NMR properties 
include D, T1, T2, or any function of one or more of those 
properties. 

11. The method of claim 9, Wherein a parameter is deter 
mined from the multi-dimensional map and that parameter is 
used to determine a Well log coe?icient associated With each 
Well log subcomponent. 

12. The method of claim 11, Wherein the parameter is used 
as a Weighting coe?icient in a Weighted sum of contributions 
from constituent ?uids. 
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13. The method of claim 12, wherein the Weighted sum is 
used in the inverting. 

14. The method of claim 1, Wherein the amount includes 
constituent volumes, masses, or saturations. 

15. The method of claim 1, Wherein the NMR measure 
ments comprise spin echo data or diffusion editing NMR 
data. 

16. A logging system, comprising: a doWnhole tool 
adapted to be disposed Within a Wellbore, Wherein the doWn 
hole tool comprises: 

an NMR measurement tool con?gured to obtain NMR 
measurements Within an investigation region, and 

at least one additional Well log measurement tool con?g 
ured to obtain at least one additional Well log measure 
ment Within the investigation region; and a processing 
system con?gured to: 
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express the NMR measurements in terms of NMR subcom 

ponents, Wherein each NMR subcomponent is a product 
of an NMR coe?icient and a constituent volume, 

express the Well log measurement in terms of Well log 
subcomponents, and 

invert the expressed NMR measurements together With the 
expressed at least one additional Well log measurement. 

17. The logging system of claim 16, Wherein the doWnhole 
tool is either a Wireline tool or a While-drilling tool. 

18. The logging system of claim 16, Wherein the at least 
one additional Well log measurement is selected from the 
group consisting of density, resistivity, neutron porosity, 
sonic, and dielectric logging. 

19. The method of claim 16, Wherein the processing system 
is located outside the Wellbore. 

* * * * * 


